Direct measurement of the wall pressure loading of the spherical boundary subjected to the near-field underwater explosion is a great difficulty. To investigate the wall pressure caused by electric-spark-generated bubble near a hemispheric boundary, an experiment system is developed. In the method of this experiment, a Hopkinson bar (HPB), used as the sensing element, is inserted through the hole drilled on the hemisphere target and the bar's measuring end face lies flush with the loaded face of the hemisphere target to detect and record the pressure loading. e semiconductor strain gauges which stick on Hopkinson bar are used to convert the pressure-based signal to the strain wave signal. e bubble in the experiments is formed by a discharge of 400 V high voltage. To validate the pressure measurement technique based on the HPB, an experimental result from pressure transducer is used as the validating system. To verify the capability of this new methodology and experimental system, a series of electricspark-generated bubble experiments are conducted. From the recorded pressure-time profiles coupled with the underwater explosion evolution images captured by the high-speed camera (HSV), the shock wave pressure loading and bubble collapse pressure loadings are captured in detail at different dimensionless stand-off distances c from 0.17 to 2.00. From the results of the experiments conducted in this paper, the proposed experiment system can be used to measure the pressure signal successfully, giving new way to study the bubble collapse pressure when the bubble is near a hemispheric boundary. rough the experimental results, the bubbles generated by different dimensionless stand-off distance c are divided into four categories, and the bubble load characteristics are also discussed.
Introduction
e cavitation bubbles exist widely in nature. Mainly, they experience three different stages: expansion, contraction, or shrinking and collapse [1, 2] . When the collapse of a bubble occurs near a structure, the structure will bear an impact due to the collapsing bubble [3] . At the same time, high-speed liquid jets can also occur in the final stage of bubble collapse [4, 5] . erefore, the damage characteristics of bubbles to adjacent structures are critical in fluid mechanics. e study of the characteristics of the interaction between the bubble and the nearby structure has become the focus of many technical fields, for example, cavitation erosion of nearby structure [6, 7] , underwater explosion [8] , and ultrasonic cleaning [5] .
To study the bubble dynamics and the pressure mechanics of the adjacent structures, a lot of work has been carried out on laser-generated or electric-spark-generated bubbles near a solid planar boundary. Tong et al. [9] experimentally observed the effect of distance from a solid planar boundary on bubble collapse for laser-generated bubble and obtained the wall pressure by using pressure transducers. By using the pressure transducer, the sparkgenerated bubble dynamics and the pressure curves on the solid planar boundary center at different distances have also been discussed. As a new measurement, by using Hopkinson bar, Cui et al. [10] investigated the pressure characteristics of microcharge bubble on the solid planar boundary from experimental aspects. If it is assumed that the fluid field surrounded the bubble and the boundary is inviscid, incompressible, and irrational, the boundary integral method can be an effective way to simulate the bubble dynamics near rigid boundaries [11] [12] [13] [14] . Tomita et al.'s work [15] from both a numerical and experimental perspective was to elucidate the effect of the surface curvature of the boundary on the bubble dynamics. It is shown that the curvature of the rigid boundary can significantly influence the collapse of a nearby laser-generated bubble. For the boundary with curvature, the oscillation features of the UNDEX bubble near a bilge with a circle opening are studied experimentally under the help of electric-spark-generated bubbles and HSV [16] . Li et al. [17] [18] [19] combined the bubble-structure interaction model of the fully coupled model to study the bubble-sphere interaction near the free surface and proposed a three-dimensional model of the interaction between the ball and the nearly hemispherical bubble attached to the surface of the sphere. According to the studies given above, it can be found that the study of the pressure loading by cavitation bubble near the curved boundary generated is considerably rare.
ere is no doubt that the geometry and curvature of the boundary play an extremely important role in the expansion, contraction, and collapse of the bubble, subsequently affecting the characteristics of the pressure loading.
Using a Hopkinson bar to measure pressure loading has been successfully applied to detect the pressure of shock wave on the target plate subjected to air blast, explosions buried in the dry sand [20] [21] [22] . For underwater explosion, the pressure loading is more complex. After the explosion, an extremely strong shock wave is generated and massive bubble is released. en a high-pressure underwater explosion bubble begins to expand and then shrink. Due to the factors of Bjerknes effect, inertia, and gravity, a water jet can be formed. en the water jet will impact on the nearby structure. When the bubble shrinks to its minimal volume, it will emit another shock wave in water. To obtain a series of continuous separate loadings, Yao et al. [23, 24] proposed a new pressure measuring methodology to measure the pressure loading on the rigid plate due to the high-voltage electric-spark-generated bubble. To meet the requirements of the underwater operation conditions, all the key elements of the test system are enclosed in a waterproof enclosure.
Based on Yao et al.'s [23, 24] work, we change the shape of the target to study the pressure loading on the hemispheric boundary generated by the electric-spark-generated bubble. As an efficient way, the electric-spark-generated bubble [25] [26] [27] [28] [29] [30] is used to study the underwater bubble dynamics for its low cost. In this paper, we firstly use a new measurement based on HPB to measure wall pressure to investigate the wall pressure generated beneath the hemispheric boundary. We use experimental methods to study the bubble dynamics and pressure mechanics of electricspark-generated bubbles near the hemisphere boundary. e bubble collapse pressure loadings are related to the bubble dynamics. A high-speed camera (HSV) is used to capture the images of the bubble's motion. HPB is used to measure the wall pressure load caused by electric spark bubbles. e joint analysis of the pressure loading measured by the Hopkinson bar and the bubble dynamics captured by the high-speed camera is carried out.
Experimental System and Measurement Method
2.1. Experimental System. To investigate the wall pressure on the hemispheric boundary caused by an underwater electric spark bubble, an experimental setup using a HPB as the sensing element is designed. e detailed schematic of the experimental equipment is shown in Figure 1 . e hemispheric target is mounted to the waterproof tube by threaded connection. At the center of hemispheric target a throughhole is drilled through which the HPB is inserted. With the help of several seal rings, the waterproof tube and the hemispheric target constitute a waterproof enclosure. e diameter of the hemispheric target is 50 mm. In this experiment, the material of HPB is steel. e length and the diameter of HPB are 2.3 m and 5 mm, respectively. Based on the stress wave theory, the pressure loading can be obtained according to the stress-strain relation. e semiconductor strain gauges are pasting at the point which is 0.1 m from measuring end of HPB to record the signal which is in HPB. e experiment uses opposite double strain gauges and pastes the double strain gauges on the same round section of HPB. A Wheatstone-bridge circuit is used to transfer the resistance signal generated by the strain gauge to the voltage signal.
e experimental system schematic is shown in Figure 2 . e water tank used in this experiment is 600 mm long, 600 mm wide, and 600 mm high. e water depth of the water tank is 525 mm, and the bottom of hemispheric target is 390 mm higher than the bottom of the water tank. e electric-spark-generated bubble is an efficient method to study the underwater bubble dynamics for its low cost. In this paper, the underwater bubble is generated by means of underwater electric discharge (400 V). e maximum equivalent bubble radius R m is 30 mm. e motion of bubbles near the hemispheric boundary was captured by a high-speed camera at 24000 frames/s.
Experimental Parameters.
is section first defines a dimensionless parameter to represent the distance between electric spark explosion source and the bottom of hemispheric target. Based on the spherical hypothesis of shock wave, the dimensionless distance from the initial bubble to the bottom of the hemispheric target is defined as c � d/2R m . e dimensionless stand-off distance c is a predominant factor in determining the effects of a nearby boundary on bubble. R m is the maximum radius of the electric-sparkgenerated bubble. e maximum radius of the bubble in a free field is about 30 mm, which is obtained from images captured by HSV; the details are shown in Figure 3 . d is the straight line distance between the detonation point and the bottom of the hemispheric boundary, where the shock wave first reaches. More details are shown in Figure 4 .
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Stress Wave in HPB.
e stress wave generated by the underwater explosion propagates to the distal end of the Hopkinson bar and then reflects back; the reflected stress wave propagates to the position of the strain gauge on the Hopkinson bar; strain gauge will record reflected wave strain signal. at is, the maximum pulse width of the wall pressure that the Hopkinson bar can measure is the time quantum (ΔT) where the incident stress wave passes through the distal end of the Hopkinson bar and the reflection propagates to the strain gauge. When Hopkinson bar length is constant, the interval time quantum (ΔT) between the occurrence time of the stress wave strain signal generated from the wall pressure and the occurrence time of the reflected stress wave strain signal is ΔT
Distance from the far end of the measuring point is D Distal . Velocity of stress waves in Hopkinson bar is C 0 .
According to the above analysis, in the future, the strain signal of the measuring bar will appear as a mixed signal of stress waves and reflected waves, which is no longer the wall pressure signal itself. On the one hand, when wall pressure period T Pressure is greater than ΔT, the measured stress wave signal will be a mixed signal of the reflected stress wave signal and the next input wall pressure signal, which means wall pressure measurement failed. at is, for Hopkinson bar of a certain length, the measurable wall pressure period T Pressure needs to be met:
On the other hand, for wall pressure signals that meet the above requirements, in this paper, we removed the reflected wave signal to obtain a legible signal. e length of Hopkinson bar used in this study is 2.3 m, the distance between strain gauge and measurement end is 0.1 m, and the propagation velocity of stress wave in Hopkinson bar is 4.98 km/s; that is, ΔT = 0.884 ms. erefore, the maximum pulse width of the wall pressure that the Hopkinson rod used in this study can measure is 0.884 ms. In this study, the pulse width range (θ c1 ) of the first period bubble collapse is 0 ms ≤ θ c1 ≤ 0.15 ms (details are shown in Figure 5 ). e pulse width range (θ c2 ) of the second period bubble collapse is 0 ms ≤ θ c2 ≤ 0.15 ms (details are shown in Figure 6 ). Because θ c1 and θ c2 are both less than ΔT, the bubble collapse load measured in this paper is effective, which is not affected by reflected waves.
We explain the feasibility of the system to measure wall pressure load from another aspect right now. e pressuretime diagram generated by the electric spark bubble collapse during the first cycle is shown in Figure 7 . e first collapse of bubble began with t 1 � 5.968 ms, and reflected wave signals were detected at t 2 � 6.853 ms. e Hopkinson bar used in this experiment is 2.3 m long and the strain gauges are pasted at a distance of 0.1 m from the measuring end of Hopkinson bar, which means the propagation velocity of the stress wave in the Hopkinson bar is about 4.98 km/s. e stress wave is detected by strain gauges for the first time at t 1 � 5.968 ms. At t 2 � 6.853 ms, the reflected wave is detected for the first time by the strain gauge. At t 3 � 6.925 ms, the reflected wave is detected for the second time by the strain gauge. At t 4 � 7.808 ms, the reflected wave is detected for the third time by the strain gauge. In this way, the situation is the same as above. At t 5 � 7.882 ms, the reflected wave is detected for the fourth time by the strain gauge. At t 6 � 8.767 ms, the reflected wave is detected for the fifth time by the strain gauge. At t 7 � 8.840 ms, the reflected wave is detected for the sixth time by the strain gauge. e absolute of the reflected wave detected by the strain gauge decreases gradually.
During the first bubble collapse, the acquisition times of the initial stress wave and reflection stress wave detected by the strain gauges are shown in Table 1 . Combining the analyses of Figure 7 and Table 1 , we can easily find that the time when the strain gauge detects the shock wave of the second period of bubble collapse and the time of detecting the reflected wave of the first period of the bubble are different. So it is feasible to measure the wall pressure of spark-generated bubble by Hopkinson bar.
According to the above analysis, in order to simplify the pressure-time diagram and highlight the peak characteristics of bubble collapse to be discussed in this study, in the following discussion, we only show the bubble collapse stress waves detected by the strain gauge, as shown in Figure 8 . e strain gauges stick on the Hopkinson bar used in the experiment are semiconductor strain gauges and the sensitivity S Gauge is 110. U Bridge supply voltage of the ultradynamic strain gauge is 2 VDC. e relationship between the strain ε H of Hopkinson bar and the output voltage signal U c of super dynamic strain gauge is where F Bridge is the bridge variable coefficient. In this experiment, double strain gauge bridge is adopted, and its bridge variable coefficient is F Bridge � 1/2. According to the material mechanical properties of Hopkinson bar, E p is the elastic modulus; then the Pressure Hop wall pressure on the target plate can be obtained according to the following formula. e image of wall pressure load converted from measured electrical signals is shown in Figure 9 .
Because the Hopkinson bar is a new measurement used to measure the wall pressure load produced by electric-spark-generated bubble, the authenticity of the data measured by Hopkinson bar remains to be validated. e pressure transducer and HPB are used to measure the wall pressure load caused by the electric spark bubbles under the same working conditions, and the measurement performance of HPB is verified by comparing their measurement results. e pressure transducer used in the verification experiments is a piezoelectric pressure transducer produced by SINOCERA PIEZOTRONICS INC, just as shown in Figure 10 . And another production of the same company YE5853 is adopted as the charge amplifier. e pressure transducer is model 37311. e maximum measured pressure of the pressure transducer used is 60 MPa. Its sensitivity coefficient is 13.68 mv/Pa. As shown in Figure 11 and 12, the wall pressure load data measured by the Hopkinson bar are almost the same as those measured by the pressure transducer in cases of c � 0.33 and 0.67. erefore, it can be determined that the wall pressure load measured by Hopkinson bar is equivalent to the actual wall pressure load by electric-spark-generated bubble. However, the wall pressure sensor cannot measure the wall pressure load in the near field, while HPB can, which is the key to this measurement technology.
In Table 2 , the relative errors between HPB and pressure transducer's peak pressure are given. e relative errors are less than 2%. From the results, it can be concluded that the peak pressures of the wall pressure measured by the Hopkinson bar and the pressure transducer are almost the same. Moreover, it can also be seen from Figures 11 and 12 that the shapes of the pressure curves and pressure pulse widths are also approximately the same. Moreover, the effectiveness of the parallel principle system based on the same Hopkinson bar has also been discussed in Cui et al.'s [10] work.
Bubble Dynamics and Load Characteristics under Different γ
To validate and investigate the capability of the new measured methodology and experimental system to measure the wall pressure loading near the hemispheric boundary, a series of electric-spark-generated bubble experiments are conducted. e explosion source used in the experiments is the high voltage of 400 V. is series of experiments was performed under a hemispherical target. From the above, the maximum diameter of the electric spark bubble generated at the 400 V discharge point is 60 mm. In this study, 12 groups of experiments were performed according to the constant increase of the dimensionless constant c (0.17, 0.33, . . ., 2.00), and the 12 groups of experiments were divided into 4 categories according to the experimental results, as shown in Table 3 . e wall pressure-time curves corresponding to different dimensionless constants c are given in Appendix.
Inverted Mushroom-Like Bubble (Type I).
When c = 0.33, the dynamic change process of the specific bubble is shown in Figure 13 . As we can see from the figure, at t = 0 ms, the intersection of the copper tube emits strong light and begins to form a bubble. At t = 0.833 ms, with the expansion of bubble, the upper end of the bubble is connected to the hemispheric target, and, with the passage of time, the upper end of the bubble is further expanded around the hemispheric target surface, and the bottom of the bubble is still kept spherical. At t = 3.499 ms, the bubble expands to the maximum volume in the first cycle, and the bubble is already completely wrapped around the hemispheric target. With the bubble shrinking, at t = 5.832 ms, the bubble is shaped like an inverted mushroom due to the acceleration of bubble Table 1 : Acquisition time of initial stress wave and stress reflection wave in the first collapse of bubbles: ① 1 st IW is the time of first incident wave signal; ② 1 st RW is the time of the first reflected wave signal; ③ 2 nd RW is the time of the second reflected wave signal; ④ 3 rd RW, 4 th RW, and so on are the same as before. Hopkinson bar is used to record strain signals and analyze the characteristics of bubble load, as shown in Figure 14 . When the bubble collapses in the first stage, the bubble load has bimodal characteristics. When t is 6.318 ms and 6.321 ms, there are two load peaks. Compared with bubble dynamics diagram in Figure 13 when t � 6.290 ms, it is found that the corresponding load peaks are bubble collapse load P c− 1 and water jet load P j− 1 , whose peak values are 56.71 MPa and 31.46 MPa, respectively. During the second periodic collapse stage of the bubble, the bubble load also has bimodal characteristics. When t is 9.132 ms and 9.136 ms, there are load peaks. Compared with bubble dynamics diagram in Figure 13 when t � 9.082 ms, it is found that the corresponding loads are bubble collapse load P c− 2 and water jet load P j− 2 , whose peak values are 23.15 MPa and 15.49 MPa, respectively. Based on the comparison, it is found that the bubble load duration of the second cycle is obviously longer than that of the first cycle. e peak of bubble load decreases obviously in the second cycle due to bubble shedding.
It is found that when the dimensionless distance parameter c is between 0.17 and 0.5, it has similar bubble shape and load characteristics. erefore, in order to facilitate the analysis under different c, it is divided into inverted mushroom-like bubble as the type I. e major morphological characteristics of inverted mushroom-like bubble can be described as follows: as shown in Figure 15 , in the first cycle, the expansion stage of bubbles will be spherical. Due to the influence of boundary conditions, the bubble expands to the maximum volume and surrounds the hemispheric target. In the first cycle of bubble contraction, bubbles shrink in the form of inverted mushroom-like bubble. is type of bubble will induce a water jet act onto the hemisphere target in the collapse stage of the first cycle. At this time, two peak pressures are measured by Hopkinson bar, which are bubble collapse load P c− 1 and water jet load P j− 1 in the first cycle. In the expansion stage of the second cycle, the bubble expands in the shape of hemispherical shape, and the bubble partially surrounds the hemispheric target. In the shrinking stage of the second cycle, the bubble contracts in the form of inverted cone-like bubble, and the bottom of the cone is connected with the hemispheric target. Bubbles will separate in the collapse stage of the second cycle; one bubble will form a jet acting on the hemispheric target, and the other bubble will separate in the opposite direction of the hemispheric target. At this time, two peak pressures are also measured by Hopkinson bar, which are bubble collapse load P c− 2 and water jet load P j− 2 in the second cycle. ere are two bubble Shock and Vibration load peaks in both the first cycle and the second cycle; they are collapse load and jet load. (Type II) . When c � 0.67, the dynamic change process of bubble is shown in Figure 16 . It also can be seen from the figure that when the copper tube intersects at t � 0 ms, it emits strong light and begins to form a bubble. At t � 0.542 ms, as the bubble expands, the upper end of the bubble begins to be connected to the hemispheric target. At t � 1.042 ms, the bubble continues to expand, and the lower part of the bubble is in a sphere-like shape, which may be due to the reason that the liquid velocity near hemispheric target is less than that far away from the wall. erefore, the upper end of the bubble is relatively straight. At t � 1.791 ms, it can be seen that, with the passage of time, the upper end of the bubble has partially wrapped around the bottom of the hemispheric target surface and expanded further, while the lower part of the bubble is still spherical. At t � 2.833 ms, the bubble expands to the maximum volume in the first cycle, and the bubble surrounds the bottom of the hemispheric target. With the bubble shrinking, at t � 5.541 ms, the bubble is in an oval-like shape due to the acceleration of bubble shrinkage along the hemispheric target surface. At t � 5.999 ms, the oval bubble continues to shrink and appears to be in a slender form. At t � 6.124 ms, the bubble collapses to the smallest volume state, and we regard it as the end time of the first stage of bubble pulsation. At this time, the water jet points to the hemisphere target and acts directly on the hemispheric target. At t � 6.499 ms, the bubble has entered the expansion stage of the second cycle. Different from the inverted mushroom-like bubble, there is only a small amount of bubble separation and bubble shedding. e bubble is hemispherical and is wrapped around the hemispheric target surface with the passage of time. At t � 7.499 ms, the bubble expands to the maximum volume state again. At t � 9.416 ms, as the bubble continues to shrink, a small bulge appears at the bottom of bubble. At t � 9.957 ms, the bubble collapses to the minimum volume.
Oval Bubble
By the use of the Hopkinson bar, we recorded and analyzed the bubble load characteristics, as shown in Figure 17 . When the bubble collapses in the first cycle, the bubble load has one single peak. When there is a peak load in t � 6.173 ms, compared with the bubble dynamics in Figure 16 at t � 6.124 ms, it is found that the corresponding load is bubble collapse load P c− 1 , and its peak value is 42.3 MPa. When the bubble collapses in the second cycle, the bubble load has bimodal characteristics. When t is 9.998 ms and 10.01 ms, there are two load peaks. Compared with the bubble dynamics in Figure 16 at t � 9.957 ms, it is found that the corresponding loads are bubble collapse load P c− 2 and water jet load P j− 2 , whose peak values are 29.66 MPa and 22.74 MPa. It is found that the peak value of bubble load decreases obviously in the second cycle.
It is found based on statistical analysis that when the value of the dimensionless distance parameter c is between 0.67 and 0.83, it has similar bubble shape and load characteristics. erefore, in order to facilitate the analysis with different c, it is divided into oval bubble as type II. As shown in Figure 18 , the bubble morphology can be described as follows. In the expansion stage of the first cycle, the electricspark-generated bubble will expand in the shape of sphere. Due to the influence of boundary conditions, the upper part of the bubble will partially wrap around the hemispheric target when it expands to the maximum. During the first cycle of bubble shrinking, bubbles contract in the form of oval bubble. At this point, a peak pressure is measured by Hopkinson bar, which is the bubble collapse load P c− 1 in the first cycle. e bubble expands in a hemispherical shape during the expansion stage of the second cycle, and the bubble surrounds the hemispheric target. In the shrinking stage of the second cycle, the top of hemispherical bubble is connected to the hemispheric target, and a small bulge will appear at the bottom of bubble. In the collapse stage of the second cycle, bubbles will form a jet acting on hemispheric target. At this point, two pressure peaks are also measured by Hopkinson bar, which are bubble collapse load P c− 2 and water jet load P j− 2 within the second cycle. As mentioned above, there is a pressure load peak value in the first cycle and two pressure load peaks in the second cycle in type II.
Drop-Shaped Bubble (Type III).
For the case of c � 1.17, the dynamic change process of bubble is shown in Figure 19 . As can be seen from the figure, at t � 0.875 ms, the bubble expands in a spherical manner. Because the intersection of the copper tube is far from the bottom of the hemispheric target, the top of the bubble does not contact with the hemispheric target. With the bubble expansion, the bubble volume increases gradually, while it does not contact with the bottom of the hemispheric target. At t � 3.583 ms, the bubble expands spherically to the maximum volume in the first cycle. However, different from the two bubble types mentioned above, there is still a certain distance between the top of the bubble and the bottom of the hemispheric target. With the bubble shrinking, at t � 5.04 ms, the drop-shaped bubble appears due to the attraction of hemispheric target surface. At t � 5.499 ms, the characteristics of the dropshaped bubble are more obvious, and as the bubble shrinks, the top of the bubble becomes sharper. When the bubble collapses to the smallest volume at t � 6.124 ms, it is used as the end time of the first stage of bubble pulsation. During the collapse of the bubble, the bubble is elongated in the direction of the symmetry axis due to the wall attraction. At t � 6.208 ms, it means that the bubble begins to expand in the second cycle and an obvious upward water jet can be seen. At t � 6.791 ms, with the bubble expansion, the upper part of the bubble expands in a spherical shape and gradually connects to the hemispheric target. Similar to the oval bubble, at this time, a small bulge at the bottom of the bubble appears. At t � 8.124 ms, the expansion of bubble in the second cycle reaches the maximum volume, and the top of the bubble is partially wrapped around the bottom of the hemispheric target. At t � 9.749 ms, this is the shrinking stage of bubbles in the second cycle. At t � 9.999 ms, the bubble collapses and contracts to the smallest volume and this is the end time of Shock and Vibration 9 bubble pulsation in the second cycle. At this time, the collapse moment can also be clearly observed, and an upward water jet is produced. By the use of Hopkinson bar, the load characteristics of bubble are analyzed in Figure 20 . When the bubble collapses in the first period, the bubble load has bimodal characteristics. When t is 6.199 ms and 6.213 ms, there are two load peaks. Compared with bubble morphological characteristic diagram in Figure 19 (t � 6.124 ms), it is found that the corresponding loads are bubble collapse load P c− 1 and water jet load P j− 1 , whose peak values are 15.7 MPa and 10.64 MPa. During the second cycle of collapse stage of the bubble, we also can observe that the bubble load has bimodal characteristics. At t � 10.05 ms, there is a peak load. Compared with the bubble morphology characteristic diagram in Figure 19 (t � 9.999 ms), it is found that the corresponding loads are bubble collapse load P c− 2 and water jet load P j− 2 , whose peaks are 30.27 MPa and 26.81 MPa. e peak of bubble load is obviously higher in the second cycle, which is related to the relative position of the hemispheric target plate when the bubble collapses.
When c � 1.17, after the collapse of the bubble in the first cycle, the bubble is sucked by the wall above it vertically, which causes the bubble to move vertically up during the second cycle of "expansion-contraction-collapse" (shown in Figure 19 ). is displacement makes the distance between the bubble collapse position and the bottom of the Hopkinson bar in the second cycle be less than the distance of first cycle. e shorter measurement distance will make the wall pressure load value measured by Hopkinson bar become larger. is is why the peak pressure in the second cycle shown in Figure 20 is more than the peak pressure in the first cycle.
It is found based on statistical analysis that when the value of the dimensionless distance parameter c is between 1.00 and 1.50, it has similar bubble shape and load characteristics. erefore, in order to facilitate the analysis under different c, it is converted into drop-like bubble as type III. As shown in Figure 21 , the bubble morphology can be described as follows. In the expansion stage of the first cycle, the bubble will expand in the shape of sphere. Because the initiation position is far from the hemispheric target, the bubble is not connected to the hemispheric target when the bubble expands to the maximum. However, because the adsorption of the nearby boundary still exists, the bubble will shrink like a drop-shaped bubble in the first cycle. As the bubble collapses, two peak pressures are measured by Hopkinson bar, which are bubble collapse load P c− 1 and water jet load P j− 1 in the first cycle. e upper part of the bubble expands in a hemispherical in the expansion stage of the second cycle, and the bubble partially surrounds the hemispheric target. In the shrinking stage of the second cycle of the bubble, bubbles contract in the form of hemispherical bubbles, and the top of hemispherical bubbles is connected to the hemispheric target. At the beginning of the collapse stage of the second cycle, a small bulge at the bottom of the bubble will occur. And a water upward jet acting on the hemispheric boundary forms in the second collapse stage. At this time, two pressure peaks are also measured by Hopkinson bar, which are bubble collapse load P c− 2 and water jet load P j− 2 in the second cycle.
Spherical Bubble (Type IV).
For the case of c � 2.00, the bubble dynamics are different, as shown in Figure 22 . As we can see from the figure, as the bubble expands (t � 0∼3.208 ms), the bubble shows the similar change process as drop-shape bubble (type III); we will not repeat again here. At t � 3.208 ms, the bubble expands spherically to the maximum volume in the first cycle. At t � 4.416 ms, with the bubble shrinking, the bubble shrinkage speed along the hemispheric target surface is accelerated, but the bubble shape is still kept spherical, because the top of the bubble still has a large distance from the bottom of the hemispheric target. So we can conduct that the hemispheric boundary has little impact on the bubble. At t � 5.749 ms, the bubble collapses to the minimum volume. At t � 6.249 ms, it indicates that the bubble begins to expand in the second cycle. As bubble still expands spherically, it reaches the maximum volume in the second cycle at t � 7.124 ms. e bubble collapses to the smallest volume at t � 8.457 ms; it could be seen as the end time of the bubble pulsating the second stage. e load characteristics of bubble are shown in Figure 23 . When the bubble collapses in the first cycle (t � 5.636 ms), the bubble load has one single peak. Compared with bubble morphological characteristic diagram in Figure 22 with t � 5.749 ms, it is found that the corresponding load is bubble collapse load P c− 1 , with peak value of 4.924 MPa. When it is collapse stage of the second cycle of the bubble, the bubble load also has one single peak characteristic. At t � 8.018 ms, it has a peak load; compared with bubble morphological characteristic diagram in Figure 22 with t � 8.457 ms, it is found that the corresponding load is bubble collapse load P c− 2 , with peak value of 0.4128 MPa.
It is found based on statistical analysis that when the value of the dimensionless distance parameter c is between 1.67 and 2.00, it has similar bubble shape and load characteristics. erefore, in order to facilitate the analysis under different c, it is divided into spherical bubble as type IV. As shown in Figure 24 , the bubble morphology can be described as follows. e bubble expands and contracts in a spherical shape during the first and second cycle. Two bubble pressure peaks are measured by Hopkinson bar, which are the bubble collapse loads P c− 1 and P c− 2 in the first and second cycle.
Bubble Load Characteristics
In this experiment, the wall pressure loads of 12 groups of electric-spark-generated bubble were statistically analyzed, and According to the records from the Hopkinson bar, it is found that the peak of the wall pressure load during the first bubble collapse gradually decreased with the increase of c, as shown in Figure 25 . e bubble dynamics captured by the high-speed camera were combined with the wall pressure Shock and Vibration 13 load curve measured by Hopkinson bar. We obtain the pulse width data (θ c1 ) of the collapse load of the first cycle of the bubble when 0.17 ≤ c ≤ 2.00, and their value ranges are 0 ms ≤ θ c1 ≤ 0.15 ms, as shown in Figure 5 . In this experiment, in addition to the wall pressure load produced by the bubble collapse in the first cycle, the wall pressure load produced by the bubble collapse in the second cycle is also measured. When 0.17 ≤ c ≤ 0.83, the peaks of bubble collapse load are between 20 MPa and 30 MPa in the second cycle. When 1.00 ≤ c ≤ 2.00, the wall pressure load in the collapse of the bubble is gradually reduced with the increase of c. When c � 1.00, after the collapse of the bubble in the first cycle, the bubble is sucked by the wall above it vertically, which causes the bubble to move vertically up during the second cycle. is displacement makes the distance between the bubble collapse position and the bottom of the Hopkinson bar in the second cycle be less than the distance of first cycle. e change in the pressure peak of the bubble collapse load in the second cycle is shown in Figure 26 . e bubble dynamics captured by the high-speed camera were combined with the wall pressure load curve measured by Hopkinson bar. We obtain the pulse width data (θ c2 ) of the collapse load of the second cycle of the bubble when 0.17 ≤ c ≤ 2.00, and their value ranges are 0 ms ≤ θ c2 ≤ 0.15 ms, as shown in Figure 5 .
Conclusion
In this paper, an electric-spark-generated bubble is obtained with a discharge of 400 V. e whole process of the bubble from the expansion to the collapse is captured by the highspeed camera, and the bubble collapse pressure load is measured by HPB. Based on this, the impact properties of an electric-spark-generated bubble acting on the hemispheric boundary are studied. e following important conclusions are obtained:
(1) e pressure waveform and peak values measured with the Hopkinson bar agree well with those measured by the pressure transducer, which indicates that the data of the pressure loading of the (2) e dimensionless distance (c) between bubble and hemispheric boundary has an important influence on the morphology and load characteristics of bubble. When 0.17 ≤ c ≤ 0.5, the inverted mushroom-like bubble will be generated at this time. When 0.67 ≤ c ≤ 0.83, oval bubble will be produced, and collapse loads will be produced in the first cycle and collapse load and jet loads in the second cycle. When 1.00 ≤ c ≤ 1.50, drop-shaped bubble will be produced, and there will be collapse load and jet load in both the first cycle and the second cycle. When 1.50 ≤ c ≤ 2.00, there will be spherical bubble, which only has collapse load in the first cycle and the second cycle. (3) With regard to the wall pressure loading generated by bubbles in the collapse stage, the peak of wall pressure load decreases with the increase of c when the bubble collapses for the first cycle. For the wall pressure load caused by the second collapse, sometimes load abnormalities occur. For example, 1.00 ≤ c ≤ 1.33. is is because, after the collapse of the bubble in the first cycle, the bubble is sucked by e load of c � 1.00 is greater than c � 0.83. en, when 1.00 ≤ c ≤ 2.00, the wall pressure load decreases with the increase of c.
It is worth mentioning that the conclusion in this research has certain guiding significance for studying the damage characteristics of the bubble under the boundary with different curvatures. For further study, this experimental system can be used to study the bubble dynamics and the pressure mechanics on the boundary with different curvatures.
